Picorna-like plant viruses of the genus Potyvirus (Potyviridae) produce polyprotein precursors processed into up to 11 mature proteins by three virus-encoded proteinases (17, 64) . One of these virus-encoded proteinases is the multifunctional helper component proteinase (HCpro). For simplicity, HCpro can be considered to consist of N-proximal, central, and C-proximal domains, which correspond to ϳ100, ϳ200, and the remaining ϳ150 amino acids (aa), respectively (62) . The C-proximal domain confers proteolytic activity, which separates HCpro from the polyprotein at the HCpro C terminus (13) . The N-proximal domain is structurally rather independent; for example, its deletion does not influence tetramerization of HCpro (62) .
HCpro is involved in all essential steps of the potyviral infection cycle. The conserved KITC motif, which corresponds to aa 52 to 55 in the HCpro of Potato virus A (PVA) (65) , and PTK motif (aa 310 to 312 in PVA) are needed for the aphid transmissibility of potyviruses (9, 10, 61) . HCpro is an important contributor to viral genome amplification, as it suppresses RNA silencing that is the basal antiviral defense mechanism, in plants, induced by and targeting double-stranded RNA (3, 11, 38) . RNA silencing also posttranscriptionally regulates gene expression via the microRNA (miRNA) pathway (47) , and thus, suppression of RNA silencing interferes with gene regulation and causes disease symptoms. The nonspecific RNA binding activity of HCpro (50, 53) facilitates the binding of small interfering RNA (siRNA) and miRNA, which is suggested to be a mechanism for suppression of silencing by HCpro and requires the conserved FRNK box (aa 181 to 184 in PVA) in the central part of HCpro (81) . However, all three domains of HCpro contain amino acids that, when mutated, affect RNA silencing (87) . HCpro increases the size exclusion limit of plasmodesmata and facilitates viral cell-to-cell movement (71) . In addition, the viral movement functions mediated by HCpro may be associated with the suppression of RNA silencing (39) , because the conserved FRNK motif mentioned above and an IGN motif in the LAIGN box (PVA HCpro aa 248 to 252) in the central part of HCpro are involved in virus movement and amplification. Long-distance movement of Tobacco etch virus (TEV) also involves a conserved CCC motif (aa 292 to 294 in PVA) located in the central region of HCpro (19, 40) .
Interactions of HCpro with host proteins and other viral proteins are probably essential for the viral functions mediated by HCpro. The HCpro of PVA interacts with the RING finger protein HIP1 and a putative microtubule-associated protein HIP2 in potato (Solanum tuberosum) and tobacco (Nicotiana tabacum) (32; T. Haikonen, unpublished data). HCpro of Lettuce mosaic virus (LMV) interferes and interacts with the 20S proteasome complex in cauliflower (Brassica oleracea) (6) , whereas HCpro of Potato virus Y (PVY) interacts with several proteasome-subunits of Arabidopsis thaliana (35) . The chloroplast division-related factor NtMinD of tobacco binds to HCpro of PVY (36) , and a chloroplast precursor of ferredoxin-5 binds to HCpro of Sugar cane mosaic virus (SCMV) in maize (Zea mays) (15) . A calmodulin-like cellular regulator of RNA silencing and the ethylene-inducible transcription factor RAV2 in tobacco (N. tabacum) interact with HCpro (2, 23) .
HCpro forms dimers (30, 52, 88, 97) , tetramers, and hexa-mers (62, 77) and interacts with the coat protein (CP) (10, 72) , viral RNA helicase (CI) (16, 31) , and the first protein (P1) of the potyviral polyprotein (52) . It interacts also with the viral genome-linked protein (VPg) (31, 73, 97) and its precursor, nuclear inclusion protein a (NIa) (31) , which, in turn, interact with the cap-binding translation initiation factor eIF4E and its isoform eIF(iso)4E (7, 45, 54, 96) that control important steps of the potyvirus infection cycle (reviewed in reference 70). Indeed, many host recessive genes that confer resistance to various potyviruses have been found to encode eIF4E or eIF(iso)4E, e.g., in A. thaliana (Brassicaceae) (22, 44, 80) , Capsicum and Solanum (Solanaceae) (34, 74, 75, 76) , lettuce (Lactuca sativa; Cichoriaceae) (60) , and pea (Pisum sativum; Fabaceae) (27) . However, the biochemical and physiological processes controlled by these host-virus protein interactions remain to be elucidated. Because HCpro interacts with VPg, which in turn interacts with eIF4E and eIF(iso)4E, the aim of this study was to test whether the multifunctional HCpro interacts directly with eIF4E and/or eIF(iso)4E. This was indeed found with the HCpro of three potyviruses tested in vivo in yeast and in planta. The interaction was biologically significant because a 4E binding motif was identified in HCpro, and mutations in the motif debilitated the protein-protein interactions between eIF(iso)4E and HCpro in yeast and the virulence of PVA in plants. The 4E-HCpro interaction was observed in association with viral 6K2-induced membranous vesicles. These novel findings reveal a missing link in potyvirus-host interactions involving translation initiation factors and should be helpful for elucidating the roles of eIF4E and eIF(iso)4E in the potyvirus infection cycle, conclusions that have proven difficult to reach based on the interactions of translation initiation factors with VPg/NIa only.
MATERIALS AND METHODS
Cloning of the genes for eIF(iso)4E and eIF4E and the HCpro coding sequences for YTHS assays. Total RNA was extracted from the leaves of tobacco (N. tabacum cv. Samsun NN) and the leaves of a diploid potato clone, 2x(v2)7, and its progeny lines (90, 93) using TRIzol reagent (Invitrogen, Carlsbad, CA). mRNA was isolated from total RNA using an Oligotex mRNA midi-kit (Qiagen, Hilden, Germany). cDNA was synthesized from 600 ng of total RNA or mRNA using Moloney murine leukemia virus reverse transcriptase (200 U/l; Promega, Madison, WI) and Oligo(T)16 primers (Roche, Basel, Switzerland). Phusion high-fidelity DNA polymerase (Finnzymes, Espoo, Finland) and primers based on the eIF(iso)4E and eIF4E gene sequences of tobacco, potato, or tomato (Solanum esculentum; see Table S1A in the supplemental material) were used to amplify the eIF4E and eIF(iso)4E coding regions using cDNA as a template. Restriction sites needed for cloning were added to the PCR fragments using primers (see Table S1A ). PCR fragments were cloned into the yeast two-hybrid system (YTHS) vectors pGBKT7 and pGADT7 for fusion with the DNA binding domain (BD) or transcription activation domain (AD), respectively (Clontech, Mountain View, CA) (79) . The PCR products and all constructs were verified by sequencing, which was carried out with an Applied Biosystems BigDye Terminator (version 3.1) kit and a 3100 capillary sequence analyzer at the sequencing core facility of the Haartman Institute, University of Helsinki. Sequence alignments were made using ClustalW2 (43) .
The HCpro coding region was amplified with primers that included the appropriate restriction sites for cloning (see Table S1A in the supplemental material) from the infectious cDNA clone of PVA strain B11 (PVA-B11) (31, 63) and were cloned using the YTHS vectors as described above. PCR products encoding the full-length forms of HCpro were cloned into the BD and AD fusion vectors (Clontech) using BamHI and SalI restriction sites introduced into the PCR fragments with primers. The reading frame and orientation of inserts were verified with restriction analysis and sequencing.
A small-scale lithium acetate yeast transformation procedure was used (Clontech) to cotransform yeast cells (AH109) with the BD and AD fusion vectors. A concentration of the BD vector 2-fold higher than that of the AD vector was used for transformation as recommended. Synthetic minimal medium lacking leucine and tryptophan was used as the selective medium for growing the transformed yeast. Protein-protein interactions were detected by growth on medium lacking adenine, histidine, leucine, and tryptophan. Yeast growth at 30°C was observed for up to 14 days. Positive-and negative-control vectors supplied by the manufacturer were used for comparison. Experiments were carried out three times. Protein-protein interactions were quantified in the yeast strain Y187 (Clontech) by measurement of ␤-galactosidase activity using the pellet X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (PXG) assay and processing images with Image J (National Institutes of Health) as described previously (56) . The positive control (vector pair supplied by Clontech) was set to 100% ␤-galactosidase activity to determine the relative strength of interactions in other samples.
Bimolecular fluorescence complementation (BiFC). The HCpro coding region of PVA-B11 cloned into the YTHS BD fusion vector was amplified with primers PVA-HCpro-Fwd and PVA-HCpro-Rev (see Table S1B in the supplemental material) for cloning into the pRT-YN and pRT-YC cassettes constructed and described by Zamyatnin et al. (98) . The HCpro coding region of TEV (HCH10) was amplified from the plasmid pTRANS5ЈTEV (28) , whereas the HCpro coding region of PVY (isolate Nevski) was amplified using cDNA of an infected tobacco plant. The primers are described in Table S1B . The primers included an NcoI restriction site that was required to express the yellow fluorescent protein (YFP) N-proximal region (YN) fused to the HCpro N terminus. The constructs of eIF4E and eIF(iso)4E were prepared to express the C-proximal part (YC) of YFP fused to the N or C terminus of the initiation factors and were obtained by PCR from the YTHS BD fusion vectors using the indicated primers (see Table  S1B ). NcoI was used to ligate the YC tag to genes for expression as N-terminal fusion proteins, whereas XhoI was used to obtain a C-terminal tag. The PCR products encoding HCpro from PVA, TEV, and PVY and genes for the translation initiation factors were first cloned into the pRT expression cassette that contains suitable HindIII sites that can be used to subclone the pRT expression cassette into the binary vector pLH7000 for expression under Cauliflower mosaic virus 35S promoter (35S) by agroinfiltration (98) .
The binary vector plasmid pCAMBIA0390 (Cambia Labs) was modified by engineering a novel KpnI site using the QuikChange II XL site-directed mutagenesis system (Stratagene) and appropriate nucleotide primers. The infectious clone of PVA-B11 was modified for the fusion of YN to the HCpro N terminus by introducing the YN tag into cloning site 2 (CS2) (41) using BfrI and MluI. Subsequently, the clone was digested with KpnI and SalI, and the infectious PVA cDNA was transferred, including the 5Ј-proximal 35S and the 3Ј-proximal poly(A) tail, into the modified pCAMBIA0390 vector. Binary pLH-RFP was created by digestion with XhoI and NcoI to replace the YN fragment with the mono-red fluorescent protein (mRFP; AJ851291) in pLH-YN. PVA-6K2 was amplified from an infectious cDNA clone of PVA-B11 (31, 63) and cloned to pLH-RFP using XhoI sites. The resulting plasmid was named pLH6K2-RFP. The constructs were verified by restriction analysis and sequencing.
The binary vectors were introduced to Agrobacterium tumefaciens (pGV2260) cells by electroporation using a Bio-Rad Gene Pulser. Agrobacterium cultures were diluted with infiltration medium to a final optical density at 600 nm (OD 600 ) of 0.5 and combined in equal volumes for coexpression experiments. Infiltration of Nicotiana benthamiana leaves was carried out as described previously (46) . Experiments were carried out three times.
Visualization of protein-protein interactions in the living plant cells based on YFP fluorescence was done with a Leitz Laborlux S microscope with an epifluorescence extension, Leitz Ploemopak (Leica, Wetzlar, Germany), 2, 3, and 4 days postinfiltration. A green fluorescent protein (GFP) filter (Leica) with a bandpass of 470/40 nm for excitation and a bandpass of 525/50 nm for emission was used. For documentation of results, images were captured 3 days postinfiltration using the charge-coupled-device (CCD) camera DP-50 (Olympus, Hamburg, Germany), which was controlled by Viewfinder Lite, version 1.0 software (Olympus). Confocal microscopy was carried out 3 days postinfiltration with a Leica TCS SP2 AOBS scanner using a 63ϫ 1.2 water immersion objective at the Institute of Biotechnology, University of Helsinki. Emission from YFP (bimolecular fluorescence complementation [BiFC] ) and RFP were scanned sequentially as follows: YFP (BiFC) was excited with a 514-nm argon laser and captured at 520 to 581 nm, and RFP was excited with a 561-nm DPSS laser and captured at 600 to 640 nm. Chloroplast autofluorescence was excited with a 514-nm argon laser and captured at 650 to 700 nm. Images were processed using Leica Application Suite Advanced Fluorescence Lite (LAS AF Lite) and Adobe Photoshop 3.0.
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Western blot analysis. To verify fusion protein expression in yeast, total proteins were extracted as described previously (92), with some modifications. Overnight cultures (5 ml) of yeast cotransformants were harvested by centrifugation at 1,000 ϫ g for 5 min. The pellet was frozen in liquid nitrogen and thawed on ice. One volume (100 l) of fresh, ice-cold 1.85 M NaOH containing 7% ␤-mercaptoethanol was added, and the mixture was incubated on ice for 10 min. Precipitation was carried out by adding an equal volume (100 l) of 50% trichloroacetic acid (TCA) and incubating for 5 min on ice. The precipitate was spun for 10 min at 3,000 ϫ g, and the pellet was washed with 400 l 1 M Tris-HCl (pH 8.0), dissolved in 100 l 2ϫ Laemmli buffer (20% glycerol, 100 mM TrisHCl, 10% [vol/vol] ␤-mercaptoethanol, 0.2% bromophenol blue, 4% [wt/vol] sodium dodecyl sulfate [SDS]), and boiled for 5 min. The proteins were analyzed on a 12% SDS polyacrylamide gel by electrophoresis and electroblotted onto a Hybond-P polyvinylidene fluoride membrane (GE Healthcare, Buckinghamshire, United Kingdom). After blocking in 1ϫ phosphate-buffered saline (PBS) with 0.1% Tween 20 and 5% milk powder, the membranes were probed with monoclonal AD and BD antibodies (1:50,000; Clontech) at 4°C overnight. Following washing with 1ϫ PBS containing 0.1% Tween 20, the membrane was incubated with horseradish peroxidase (HRP)-conjugated anti-mouse sheep antibodies (GE Healthcare). Proteins were detected with the enhanced chemiluminescence method using Super Signal West Femto chemiluminescent substrate (Thermo Scientific, Rockford, IL) and visualized by autoradiography. For BiFC samples, leaf tissue (40 mg) was collected 3 postinfiltration and frozen in liquid nitrogen. The frozen leaf tissue was homogenized in a microcentrifuge tube on ice using a plastic pestle, and 100 l 2ϫ Laemmli buffer was added. Homogenized samples were boiled for 5 min and clarified by centrifugation. An aliquot of 10 l of the homogenate was analyzed by SDS-PAGE, and proteins were transferred to a polyvinylidene difluoride membrane as described above. The membranes were probed with GFP polyclonal rabbit antiserum (Invitrogen), HCpro polyclonal antibodies (courtesy of F. Rabenstein, BAFZ, Aschersleben, Germany), or eIF4E polyclonal antibodies (courtesy of K. Browning, University of Texas, Austin, TX) and incubated with HRP-conjugated anti-rabbit donkey antibodies (GE Healthcare). Signals were detected as described above.
Mutation of PVA HCpro and inoculation of plants with the mutant virus. Two point mutations (Y345A and L350A) were introduced into the predicted 4E binding site of PVA HCpro using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's recommendations. The 5Ј end of the PVA genome, including the HCpro encoding sequence, was cloned from the infectious PVA cDNA (31, 63) into pGEM-T (Promega), and the two mutations were introduced using the primer HCFwdY345A_L350A (5Ј-CCAAATCAGGA TACTGCGCCATAAATATATTCGCGGCTATGCTTGTG-3Ј; mutated bases underlined) and its reverse complement HCRevComY345A_L350A. The ClaI and NruI restriction sites flanking the HCpro encoding sequence in pGEM-T were used to introduce the mutated HCpro into the infectious PVA cDNA driven by the Cauliflower mosaic virus 35S promoter (63) , and verification of the mutations and cloning sites by sequencing followed. The mutated PVA cDNA was designated PVA-HC4Emut. The full-length point-mutated form of the HCpro-encoding sequence (HC4Emut) was inserted into the AD fusion vector (Clontech) using BamHI and SalI restriction sites introduced into the PCR fragment with primers (see Table S1A in the supplemental material).
Plants of Nicotiana tabacum cv. Samsun NN and N. benthamiana were grown from seeds in a controlled growth chamber (temperature, 18 to 22°C; relative humidity, 70%; photoperiod of 16 h, 200 E m Ϫ2 ⅐ s Ϫ1 with illumination by fluorescent lamps) and watered with a solution containing 1.0% (N:P:K ϭ 16:9: 22) fertilizer. PVA-HC4Emut and the nonmutated (wild-type [wt]) PVA cDNA were inoculated biolistically to two full-grown leaves of N. tabacum and N. benthamiana (5 and 4 plants per experiment, respectively) using HandyGun in two experiments, as described previously (82) . Gold particles (diameter of 1.0 m; Bio-Rad Laboratories) were coated with the PVA plasmid, and 0.5 g of the DNA was used for each bombardment. PVA was tested in the upper noninoculated leaves at 7, 11, and 21 days postinoculation (dpi), and in inoculated leaves at 14 dpi, by double-antibody sandwich (DAS) enzyme-linked immunosorbent assay (ELISA) using a PVA-CP-specific monoclonal antibody (MAb 58/0; Adgen) and alkaline phosphatase-conjugated MAb 58/0 (Adgen), as described previously (65) . Systemic infection was tested by sampling expanding top leaves, whereas the bombarded leaf areas were excised for testing local infection. Leaf samples were weighed, ground in ELISA sample buffer at 1 g/10 ml, and aliquots of 100 l were transferred to a microtiter plate coated with PVA antibodies. Due to very high titers of PVA, the sap extracted from leaves of N. benthamiana was diluted 100-fold with ELISA buffer prior to the transfer of aliquots (100 l) to wells of the microtiter plate. Known amounts of purified PVA virions were included for comparison to estimate virus concentration.
For detection of PVA by reverse transcription-PCR (RT-PCR), virions of PVA were immunocaptured with MAb 58/0 from the same leaf samples that were subjected to DAS-ELISA and reverse transcribed as described above, and PCR amplification was carried out using PVA-specific primers flanking the mutated region in the HCpro-encoding sequence. PCR products were sequenced directly without cloning. Nucleotide sequence accession numbers. The sequences of the translation initiation factors T4Eb (FN666433), Tiso4Ea (FN666434), P4Ea (FN666435), P4Eb (FN666436), Piso4Ea (FN666437), and Piso4Eb (FN666438) were deposited in the EMBL sequence database. The sequences of T4Ea and Tiso4Eb determined in this study were identical to previously published sequences (AY702653 and AY699609, respectively). The HCpro-encoding sequences of PVA-B11, PVY-Nevski, and TEV-HCH10 are available as accession no. AJ296311, FR837956, and DQ986288, respectively.
RESULTS
Characterization of eIF(iso)4E and eIF4E sequences. The sequences encoding eIF(iso)4E and eIF4E in tobacco (N. tabacum cv. Samsun NN) and potato (S. tuberosum hybrids) (90, 93) , both of which belong to the family Solanaceae, were amplified from cDNA by PCR, and five clones of each were sequenced. Two variants, designated a and b, were detected for both eIF4E and eIF(iso)4E in the two species, and they were named, according to their species, T (tobacco) or P (potato). Hence, four different eIF(iso)4E proteins (Tiso4Ea, Tiso4Eb, Piso4ea, and Piso4Eb) and four different eIF4E proteins (T4Ea, T4Eb, P4Ea, and P4Eb) were studied for protein interactions. The deduced eIF(iso)4E amino acid sequences were 90 to 92% identical in the two species and were similar in length (200 aa), except for Tiso4Ea, which lacked 5 aa (Fig.  1A ). Piso4Ea and Piso4Eb differed only at a single amino acid, whereas Tiso4Ea and Tiso4Eb differed at 12 aa and were different in length (Fig. 1A) . The amino acid sequences of P4Ea and P4Eb were 231 aa and differed at 7 aa residues, whereas T4Ea and T4Eb were 222 aa and differed at 10 aa residues (Fig. 1B) . Identities of the potato and tobacco eIF4E amino acid sequences were only 70 to 72%.
HCpro interacts with eIF(iso)4E and eIF4E. Interactions between HCpro of PVA and the translation initiation factors mentioned above were tested in vivo using a YTHS. Proteinprotein interactions were readily detected between the four different eIF(iso)4E proteins and HCpro, as indicated by the fast growth of yeast on stringent selection medium ( Fig. 2A) . These interactions were observed irrespective of whether the proteins were fused to BD or AD and despite the amino acid sequence differences in the initiation factors. However, the growth of yeast was slower when HCpro was coexpressed with P4Eb, and even slower growth was observed when P4Ea, T4Ea, or T4Eb was coexpressed with HCpro ( Fig. 2A) . The interactions with eIF4E proteins of tobacco could be tested only in one orientation (fused to AD) because T4Ea and T4Eb fused to the BD autoactivated reporter gene expression. No yeast growth was observed when HCpro was coexpressed with human lamin C (pGBKT7-lam) provided by the manufacturer (Clontech) and used as a negative control (see Fig. S1A and B in the supplemental material). Expression of all tested fusion proteins was readily detected in yeast cells by Western blot analysis ( Fig. 2B and C) .
Interactions of HCpro with eIF(iso)4E and eIF4E in planta. One variant each of eIF(iso)4E and eIF4E from tobacco and potato was tested for interactions with the HCpro proteins of three potyviruses (PVA, PVY, and TEV) in N. benthamiana using BiFC (98) . BiFC is based on the reconstitution of the complementary nonfluorescent N-proximal (YFP , YN) and C-proximal (YFP 155-239 , YC) halves of YFP fused to the tested protein pairs. YN and YC are brought together by interaction of the tester proteins, which is detected by the restored fluorescence of YFP. In this study, YN was fused to the N terminus of HCpro (YN-HCpro), because protein fusions at the HCpro N terminus interfere less with the structure and function of HCpro according to studies of other potyviruses (8, 20) and our unpublished data on PVA.
Visualization of protein-protein interactions in living plant cells revealed that the HCpro proteins from the three potyviruses interacted with YC-Tiso4Eb and Tiso4Eb-YC (Fig. 3) . Interactions between the HCpro proteins of PVA and PVY with YC-T4Ea were also detected, but interactions of HCpro of TEV with T4Ea were weaker as judged by the low intensity of fluorescence (Fig. 3) . Results with T4Ea-YC were negative. All three HCpro proteins showed interactions with YCPiso4Eb, but only HCpro of TEV showed some interaction with Piso4Eb-YC (Fig. 3) . In contrast, no unambiguous fluorescence signals or protein interactions were observed between HCpro and P4Eb (Fig. 3) . These results were not due to poor expression of the fusion proteins, because they were detected by Western blot analysis (see Fig. S2 in the supplemental material). YFP fluorescence resulting from protein interactions was distributed throughout the cells and showed no specific subcellular localization (Fig. 3) .
Subsequently, interactions of HCpro and Tiso4Eb were tested in PVA-infected plant cells by expressing the YNHCpro fusion protein from a chimeric, infectious PVA clone (PVA-YN-HC) (Fig. 4A and B) during virus infection and introducing Tiso4Eb-YC (Fig. 4A and B) to the same tissues by agroinfiltration. PVA-YN-HC infects N. benthamiana systemically, although this recombinant virus spreads at a lower rate and virus titers accumulate to 25 to 40% (0.3 to 0.5 g virus/g fresh leaf tissue [gflt]) of the infectious PVA clone lacking YN (1 to 2 g virus/gflt) in the upper systemically infected leaves (17 to 28 dpi).
Interactions between YN-HCpro and Tiso4Eb-YC were evident by YFP fluorescence (Fig. 4A) . Fluorescence was distributed throughout the cell and was also concentrated in round structures in the cytoplasm (Fig. 4A) . When PVA-YN-HC and Tiso4Eb-YC were expressed together with 6K2-RFP, round YFP fluorescent structures encircled by peripheral red fluo- (Fig. 4Ci to iii) . Due to the need of virus polyprotein processing and the reconstitution of YFP, the fluorescence derived from YFP was generating a weaker signal and observed in fewer cells compared to the RFP-tagged recombinant proteins that generally were found in all cells. 4E binding site located in the C-proximal part of HCpro. Since the interaction of HCpro with eIF4E and eIF(iso)4E was detected with many independent methods, it was of interest to analyze the PVA HCpro amino acid sequence for putative 4E binding sites. The consensus motif for 4E binding is YXXX XL⌽, where X is a variable amino acid and ⌽ is a hydrophobic residue (reviewed in reference 68). A putative 4E binding motif (YINIFLA, amino acids 345 to 351) was found in the C-proximal part of PVA HCpro (the protein consists of 458 amino acids). Comparison of the HCpro sequences of 47 potyviruses available from a curated plant virus sequence database (www.dpvweb.net) (see Fig. S3 in the supplemental material) indicated that the Tyr and Leu residues of the YINIFLA motif are highly conserved and substituted by a His and a Phe residue, respectively, in only two and six viruses, respectively; the hydrophobic Ala residue was fully conserved (see Fig. S3 ). One of the deviant viruses was TEV, for which all 28 isolates available in the database at www.dpvweb.net contained Phe instead of Leu in the motif. In addition, the C-proximal part of HCpro in all TEV isolates contained another motif, YLLSILY (residues 391 to 397), also corresponding to the consensus 4E binding motif YXXXXL⌽, but this motif was not conserved in other potyviruses.
According to secondary structure predictions, the region of HCpro containing the 4E binding motif may adapt to an alpha helix conformation (see Fig. S3 in the supplemental material) , similar to the structural changes induced in human eIF4GII and 4E-BP1 upon the binding of eIF4E (51) .
The YINIFLA motif of PVA HCpro was mutated by the introduction of two amino acid substitutions at the conserved positions (Y345A and L350A) (Fig. 5A) . Interaction of the mutated HCpro (HC4Emut) with Tiso4Eb was clearly weaker than that of wt HCpro in cotransformed yeast, as indicated by the difference in ␤-galactosidase activity (Fig. 5B and C) . The strength of the interaction between wt HCpro and Tiso4Eb was ca. 75% of that measured for the positive control provided by the manufacturer (Clontech), whereas the interaction between HC4Emut and Tiso4Eb was ca. 35% (Fig. 5C) . No activity was detected in the negative control supplied by the manufacturer (Clontech) (Fig. 5C ). The application of 1.0 mM or 10 mM 3-amino-1,2,4-triazole (3-AT) to the yeast culture selection medium revealed clear differences in the growth rate of yeast cotransformed with wt HCpro or HC4Emut and Tiso4Ea, Tiso4Eb, P4Ea, P4Eb, Piso4ea, or Piso4Eb (see Fig. S1A and B in the supplemental material), consistent with the role of the YINIFLA motif in interaction with eIF(iso)4E and eIF4E.
The N-proximal parts of PVA HCpro contained additional 4E binding-like motifs (amino acids 1 to 7, 116 to 122, 214 to 220, 223 to 229, 236 to 242, 288 to 294, 304 to 310, and 343 to 349), and one additional 4E binding-like motif is found at the C terminus of HCpro (amino acids 396 to 402). However, they are not conserved among potyviruses and are less likely to be functional 4E binding sites, while their contribution to the interaction is possible. Since truncated forms of PVA HCpro (see Fig. S4A in the supplemental material) were available from another study (T. Haikonen, unpublished data), they were included in the YTHS analyses to verify the area of HCpro responsible for the interaction with Tiso4Eb by another approach. Yeast cotransformed with Tiso4Eb and HCpro(⌬1-229) or HCpro(⌬1-108), which lack the entire or partial Nproximal domain of HCpro, respectively, grew similarly well as yeast cotransformed with Tiso4Eb and the full-length wt HCpro, indicating that the N terminus of HCpro is redundant for interaction with eIF(iso)4E. Consistent with this result, HCpro(⌬169-458), which expresses only the N-proximal domain and the first third of the central domain, showed no detectable interaction with Tiso4Eb. HCpro(⌬325-458), which lacks the C-proximal portion of HCpro, showed weaker interactions with Tiso4Eb than did HCpro(⌬1-229), HCpro(⌬1-108), and full-length HCpro. HCpro(⌬245-354), which expresses most parts of HCpro except the last third of the central domain and the first third of the C-proximal domain, also interacted more weakly with Tiso4Eb than did proteins containing the entire C-proximal domain (see Fig. S4A ). HCpro(⌬1-108 ⌬325-458), which is a segment of HCpro lacking the entire N-proximal domain and nearly the entire C-prox- (Fig. S4B) . Taken together, these results provided additional evidence that the C-proximal part of HCpro containing the 4E binding motif (residues 345 to 351) is pivotal for interaction of PVA HCpro with Tiso4Eb. Mutations in the 4E binding site of HCpro reduce virulence of PVA. The two amino acid substitutions (Y345A and L350A) which reduced the interaction of HCpro with Tiso4Eb were introduced into an infectious clone of PVA by site-directed mutagenesis, and the mutant virus (PVA-HC4Emut) was inoculated into N. benthamiana and N. tabacum in three experiments. Titers of the PVA CP antigen were estimated in inoculated leaf tissue by DAS-ELISA at 14 dpi, including known amounts of purified PVA virions for comparison. The detection threshold was 0.3 to 1.0 ng PVA CP/gflt. Two leaves of N. tabacum (40 to 50 ng CP/gflt) and a single leaf of N. benthamiana (5.0 g CP/gflt) were PVA positive following inoculation with PVA-HC4Emut in the 14 and 12 plants tested, respectively, in three experiments. In contrast, all leaves inoculated with wt PVA were virus positive (4.0 to 12 g CP/gflt) in both host species.
All plants of N. tabacum and N. benthamiana were infected systemically with wt PVA, as tested by DAS-ELISA at 11 dpi (Table 1) . At 21 dpi, all plants of N. benthamiana infected with wt PVA displayed severe leaf malformation and mosaic symptoms in upper leaves and contained 200 to 300 g of PVA CP/gflt, whereas the upper leaves of N. tabacum were symptomless and contained 0.1 to 0.7 g CP/gflt. In contrast, following inoculation with PVA-HC4Emut, no plant of N. benthamiana was found to be infected systemically ( Table 1 ). The top leaves of only 1 out of the 14 N. tabacum plants inoculated with PVA-HC4Emut generated somewhat elevated ELISA absorbance values at 21 dpi (Table 1) and were estimated to contain 0.6 to 0.9 ng CP/gflt. Immunocapture-RT-PCR analysis with primers specific to the PVA HCpro-encoding sequence and sequencing of the PCR product showed that the mutations introduced into the 4E binding site of HCpro were retained in the progeny viruses in the systemically infected leaves of the tobacco plants.
DISCUSSION
The results of this study show that HCpro proteins of PVA, PVY, and TEV interact with eIF(iso)4E and eIF4E characterized from potato and tobacco, which are hosts for the three potyviruses (89) . Interactions between HCpro and eIF4E were, however, mostly weaker or absent compared with those with eIF(iso)4E. These observed differences were not associated with differences in protein expression levels, as shown by Western blot analysis, and instead indicated differential interactions of HCpro with the two types of translation initiation factors. The three tested potyvirus species are more closely related to other potyvirus species than to each other in the genus Potyvirus (83) , which suggests that the novel interactions between viral and host proteins reported in this study may occur widely among potyviruses that infect solanaceous hosts and other plant species. FIG. 3 . Detection of protein-protein interactions in leaves of N. benthamiana using BiFC. HCpro proteins of three potyviruses, PVA, PVY, and TEV, were expressed with YN fused to the HCpro N terminus. Translation initiation factors eIF(iso)4E (Tiso4Eb and Piso4Eb) and eIF4E (T4Ea and P4Eb) of tobacco (T) and potato (P) were expressed with YC fused to the N or C terminus. Leaves were infiltrated with pairs of Agrobacterium strains expressing tester proteins tagged with the opposite halves of YFP (the corresponding bacterial cultures were mixed in a 1:1 ratio for infiltration). YFP fluorescence indicating protein-protein interactions was detected in epidermal cells using an epifluorescence microscope 3 days postinfiltration. Images were taken using the same exposure time. For detection of the expressed recombinant proteins using protein-specific antibodies, see Fig. S1 in the supplemental material.
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Epifluorescence and confocal microscopy detected BiFC in plant tissues coexpressing HCpro and the translation initiation factors, which was indicative of interactions between these proteins in the cytoplasm but not in the nucleus. These results are consistent with the absence of nuclear localization of HCpro in infected cells reported in previous studies (49, 55, 66, 69) . Similarly, eIF(iso)4E of A. thaliana is associated primarily with the endoplasmic reticulum in the cytoplasm (7), although some of the protein is found also in the nucleus (12) . However, the previously reported interactions with NIa, which contains a bipartite nuclear and nucleolar localization signal in the VPg domain (67) , can translocate eIF(iso)4E to the nucleus (7) .
Interactions between HCpro proteins and potato eIF(iso)4E seemed to be weaker than those with tobacco eIF(iso)4E in the cells of N. benthamiana, as observed with BiFC, although no differences were observed in the accumulation of the proteins in infiltrated leaf tissues. However, no differences in interactions of HCpro with tobacco and potato eIF(iso)4E were observed in the YTHS, a system in which protein interactions are tested in the nucleus. These results suggest that other unidentified proteins may participate in these interactions in plant cells and that the cells of N. benthamiana (BiFC experiments) provided a better matched protein interaction network for eIF(iso)4E derived from tobacco (N. tabacum) than for eIF(iso)4E derived from the more distantly related potato (S. tuberosum). Furthermore, interactions of the HCpro of PVY and TEV with the eIF(iso)4E of potato and tobacco were detected in the cells of N. benthamiana by BiFC, whereas the results of YTHS were negative (data not shown), underlining the importance of testing interactions in the natural cellular environment in planta. The two initiation factors studied here, eIF(iso)4E and eIF4E, belong to different translation complexes [eIF(iso)4F and eIF4F, respectively]. eIF(iso)4F plays a role in the translation of normally capped mRNAs, whereas eIF4F is also involved in the translation of noncapped mRNAs and mRNAs with a structured 5Ј leader (25) . The eIF4F and eIF(iso)4F complexes are also involved in cap-independent translation of the potyviral polyprotein, which is mediated via the eIF4G/ eIF(iso)4G-dependent binding to an internal ribosome entry site (IRES) of the 5Ј nontranslated region in TEV (24) . The affinity of the translation complexes to IRES in TEV is improved by the interaction of eIF4E and eIF(iso)4E with VPg (42) . Results of the YTHS and BiFC were consistent with the notion that HCpro may preferentially interact with eIF(iso)4E. Therefore, preferential interactions between eIF(iso)4E and HCpro as shown here suggest a novel mechanism by which potyviruses might control interactions with translation initiation factors.
Previous studies of A. thaliana mutants indicate that potyviruses may be different in their requirements for eIF(iso)4E and eIF4E during the infection cycle (22, 80) . For example, TEV, TuMV, and LMV require eIF(iso)4E for the infection of A. thaliana, whereas infection with ClYVV requires eIF4E (22, 44, 80) . Many recessive host resistance genes that protect crop plants from infections with the picorna-like potyviruses or bymoviruses (Potyviridae) encode mutated forms of eIF4E or eIF(iso)4E (see, e.g., references 22, 27, 34, 37, 44, 60, 74, 75, 76, and 80) . In some virus-host combinations, simultaneous mutations in eIF(iso)4E and eIF4E are required to confer recessive resistance, e.g., resistance to Pepper veinal mottle virus and Chili veinal mottle virus in pepper (34, 76) , suggesting that these viruses may use both translation initiation factors for infection. Resistance conferred by the translation initiation factors can be overcome by amino acid changes in the VPg of TuMV, PVY, and TEV (5, 14, 26, 37, 57) but also the CI protein of LMV (1), the P3 protein of PSbMV (33) , and the P1 protein of Clover yellow vein virus (58) . The mechanisms by which the mutations in genes for translation initiation factors compromise virus infection and by which mutations in viral proteins overcome the resistance are not yet known. This may be because only interactions between the translation initiation factors and VPg/NIa have been described (70) . It is anticipated that future studies considering the multifunctional HCpro as an interaction partner for translation initiation factors will uncover important novel mechanisms by which the translation initiation factors confer resistance to potyviruses.
Interaction between eIF4E and the scaffold protein eIF4G is important in cap-dependent translation initiation (78) and mediated by a binding site possessing a conserved amino acid sequence, YXXXXL⌽, where X is a variable amino acid and ⌽ is a hydrophobic residue (reviewed in reference 68). Similar 4E binding motifs have been identified in other 4E binding proteins which regulate translation in eukaryotes (68) . In this (29) . A 4E binding motif was identified recently in the 2A proteinase of EMCV. Mutations introduced to the motif decreased eIF4E binding by the 2A proteinase and reduced virus multiplication in human HeLa cells (29) . The PVA HCpro proteinase and EMCV 2A proteinase seem to be the first viral proteins reported to bind translation initiation factors via a specific 4E binding motif.
Both capped host cell mRNA and uncapped viral RNA are present in virally infected plant cells, with the consequence that the viral RNA has to compete for the translation factors. Positive-strand RNA viruses are known to manipulate translation initiation factors, their activity, and subcellular localization to get access to the host translation machinery (21, 84, 85) . When the interaction of HCpro and eIF(iso)4E was tested in tissues infected with PVA, fluorescence was partly confined to round structures or bodies in the cytoplasm. These round cytoplasmic structures were associated with 6K2-induced vesicles. Viral replication factors and viral RNA have been detected in 6K2-induced vesicles, and in addition, previous studies have detected the presence of translation initiation factors in viral replication vesicles, implying that potyviral replication may be intimately linked to translation (7, 18, 86, 95) . Our study shows that the HCpro-Tiso4Eb interaction is associated with the viral replication/translation vesicles, suggesting that HCpro might contribute to viral genome amplification by additional means other than suppressing RNA silencing. HCpro might enhance the association of eIF4E or its isoform to the virus replication/ translation complex and thus increase translation of viral RNA on the cost of cellular mRNAs. Alternatively, by binding to eIF4E, HCpro may prevent the formation of functional capdependent translation complexes required for host protein production and thereby inhibit selectively host cell protein synthesis, which is observed with potyvirus-infected plant cells (4, 94) . It is also not excluded that HCpro, a cysteine proteinase, might cleave eIF4G, the poly(A) binding protein, or other components in the host mRNA translation complexes, as reported for proteinases of poliovirus, foot-and-mouth disease virus, human immunodeficiency virus type 1, and other enteroand caliciviruses (reviewed in reference 48).
Taken together, this study's findings demonstrated interactions between HCpro of three potyviruses and the translation initiation factor 4E, particularly the isoform eIF(iso)4E, from two plant species in planta. These interactions were controlled by an eIF4E binding motif detected in HCpro and were important for viral virulence. These results reveal novel, biologically significant potyvirus-host interactions and their control mechanism involving two host proteins known to play a crucial role in the success of potyviral infection.
